Emissions from coal-fired power stations increase the incidence of respiratory, cardiovascular and cardiopulmonary diseases and contribute to premature deaths. Wildly varying estimates of the magnitude of these health impacts have been published, however. This paper investigates the reasons for the large discrepancies calculated in five comprehensive health risk assessments of South African coal-fired power station emissions. We review the approaches and input data used by the studies. We also evaluate the exposure-response functions (which relate the pollution concentration to which the population is exposed, to the increase in health risk) used by each study and pay specific attention to whether the exposure-response functions are relevant to the South African context. Health risks are under-estimated in studies that only consider impacts in industrialised areas, or assume high counterfactual concentrations. Health risks are probably over-estimated, however, in other studies which use linear or exponential exposure-response functions that are not applicable in areas where exposure levels are much higher (such as solid fuel-using communities). A more accurate estimate of health effects would be obtained by applying integrated exposure-response functions to quantify health risks at actual exposure levels, and then apportioning the health effects relative to the contribution made by each source to total exposure levels. A fair assessment of the health risk of South Africa's older coal-fired power stations should also weigh the health costs of the emissions against the health benefits of electricity use in lower income households.
Introduction
The World Health Organisation (WHO 2016) estimates that there were 3 million premature deaths worldwide in 2012 due to ambient particulate matter pollution. A premature death is a death that occurs before the average age of death in a certain population (National Cancer Institute 2015) . The health risk is spread disproportionately across the globe, with highest risks in low-and middle-income countries in the Western Pacific (where there were on average 65 age-standardised deaths per 100 000 capita attributable to ambient air pollution in 2012). There is a much lower risk due to ambient air pollution exposure in North and South America (only 7 age-standardised premature deaths per 100 000 capita in high-income countries, and 18 agestandardised premature deaths per 100 000 capita in low-and middle-income countries in 2012; WHO 2016). In South Africa, 14 356 premature deaths were estimated to have occurred in 2012 due to acute lower respiratory illness (ALRI), chronic obstructive pulmonary disease (COPD), lung cancer, ischemic heart disease (IHD) and strokes. These account for 3.0% of the 480 476 deaths that occurred in South Africa in 2012 (StatsSA 2014).
The South African Comparative Risk Assessment (Norman et al. 2007 ) estimated premature mortality from urban air pollution to be 4 637 (0.9% of all deaths) in 2000. These figures were calculated considering monitored particulate matter with aerodynamic diameter of less than or equal to 2.5 micrometres (PM 2.5 ) and particulate matter with aerodynamic diameter of less than or equal to 10 micrometres ((PM 10 ) concentrations, in the large metropolitan areas of Cape Town, eThekwini, Johannesburg and surrounds, Ekurhuleni, the Vaal Triangle and Nelson Mandela Metro, and so largely exclude the impact of power station emissions and other industrial activities on the Mpumalanga Highveld.
Health effects of coal-fired power station emissions
Impurities in coal are released during combustion in the boiler of a coal-fired power station. More than 99% of ash is removed by fabric filter plants or electrostatic precipitators in South African power stations, but most of the other pollutants, like sulphur dioxide (SO 2 ), oxides of nitrogen (NO x ) and trace substances like mercury are released, unabated, to the atmosphere (Pretorius et al. 2015) . These pollutants are released through tall stacks (ranging between 152 m and 300 m for Eskom's power stations), are diluted and undergo chemical transformations, and finally come to the surface where they may be inhaled or affect the physical environment. As the plume ages, most of the SO 2 and NO x is converted to secondary fine particulate matter in the atmosphere. Highest ground-level concentrations of SO 2 and NO x typically occur during the day when turbulent eddies bring less diluted plumes to the ground, but plumes may also be advected for long distances (many tens of kilometres) before they are brought to the ground.
When pollutants from coal combustion (and other types of combustion) are inhaled, they may have a range of harmful Research article: A critical review of health risk assessments of exposure to emissions Page 2 of 12 effects on health during the entire human lifespan. This review only considers health risk assessments that focus on exposure to ambient particulate matter, SO 2 , NO 2 and ozone (O 3 ) (where included in the studies), but a more thorough review of the effects of power station emissions on health is given here to provide a comprehensive picture.
Exposure to air pollution affects early childhood development. Heavy metal and ultrafine particulates are able to cross the placental barrier and have the potential to harm the foetus and its developing organs (Wick et al. 2010) . There is strong evidence that ozone and SO 2 are associated with premature birth, with weaker evidence for particulates ). Exposure to particulates, and perhaps also to ozone, NO 2 and carbon monoxide (CO) during pregnancy may affect foetal growth and increases the risk of low birth-weight (Glinianaia et al. 2004; WHO 2013) . The concern with premature birth and low birthweight is that they have an impact on the developing organs.
Heavy metals, like lead and mercury, have been associated with neurodevelopmental harm, leading to reduced cognitive function, lower intelligence quotient (IQ), attention deficit hyperactivity disorder and possibly autism spectrum disorder during childhood (Canfield et al. 2003; Liu and Lewis 2014. Young children are particularly vulnerable to the effects of air pollution. After birth, the organs are still maturing and infants have a relatively high metabolic rate so they breathe a greater volume of air than adults, relative to their size (RCP 2016). Earlylife exposure to air pollution is also thought to cause epigenetic modification through changes in DNA methylation (Janssen et al. 2013; Jiang et al. 2014 ).
Long-term exposure to air pollution (particularly particulates, black carbon and NO 2 ) suppresses the development of lung function Hwang et al. 2015; Kulkarni et al. 2006) , and may speed up the decline of lung function into older age (Rice et al. 2015; Adam et al. 2015) . Even relatively small disturbances in the normal development or functioning of organs can significantly change the number of individuals in a population who develop diseases as a consequence. For example, a small change in lung function can shift the normal distribution of lung function in a population downwards, increasing the number of people in the lower tail who have low enough lung function to cause disease (RCP 2016). Acute exposure to high levels of air pollution results in an increased incidence of respiratory symptoms in children.
Outdoor air pollution causes instances of lung cancer (IARC 2013; Raaschou-Nielsen 2013). Long-term exposure to air pollution (NO 2 and particulates) has been linked to the development of asthma (McConnell et al. 2010; Gasana et al. 2012; Anderson et al. 2013; Chen et al. 2015) , and there is evidence that air pollution can make asthma worse in people who already have it.
There is a strong link between air pollution and cardiovascular disease (myocardial infarction, heart disease and stroke) (Brook et al. 2010; WHO 2013; Newby et al. 2015) .
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Calculating health effects of air pollution Ostro's (1994) impact pathway approach to calculate the health impact of outdoor particulate air pollution has been adopted by the majority of health risk assessments conducted to date. The method for calculating the health impact of elevated particulate matter concentrations is as follows, and is similar to the methods used for SO 2 , NO 2 and O 3 : i. Assess ambient exposure of the population to particulate matter based either on fixed-site measurements from ambient air quality monitoring stations or on model-based estimates. ii. Identify a counterfactual exposure (also called a 'target' or 'background' PM concentration), below which it is assumed there is no harmful health effect. This level is used for comparison, to determine the potential benefit (in terms of disease reduction) of reducing the risk factor. iii. Determine the size of the population group exposed to particulate matter. iv. Determine the incidence of the health effect being estimated, e.g. the underlying mortality rate of the population, in deaths per hundred thousand. v. Use exposure-response functions (also called doseresponse functions or concentration-response functions) that relate the concentrations of PM 2.5 or PM 10 to selected health effects vi. Calculate the attributable fraction for each health outcome based on the relative risk of the exposed population vii. Calculate the attributable health burden by multiplying the population-attributable fraction by the health outcome.
Health outcomes
A rather bewildering array of health effects are reported by different studies. Premature mortality and morbidity (such as number of hospital admissions or incidences of an illness) outcomes are often calculated. Disability-adjusted life years (DALYs) are a measure of the total health impact (quality of life and longevity) and are calculated by adding the years of life lived with disability and the years of life lost. The effects of pollution on the development of foetuses and young children are usually not directly accounted for.
Health effects are typically divided into categories, based on the length of exposure (short-term or long-term), the type of health effect and the age of the population: i. all-cause mortality, due to short-term exposure to PM 10 . This is not used in DALY calculations and should not be added to any other health estimate; ii. respiratory mortality, due to short-term exposure to PM 10 for children <5 years; iii. cardiopulmonary mortality due to long-term exposure to PM 2.5 for adults >25 years; and iv. lung cancer mortality, due to long-term exposure to PM 2.5 for adults >25 years (Ostro 2004; WHO 2016) .
Exposure-response relationship
The relationship between exposure to a particular concentration of pollutants and the health effect is expressed either as an exposure-response function, or as a relative risk. The relative risk of exposure is determined by two main methods. In the first method, the relationship between short-term exposure (one-or two-day averages) and daily health impact (e.g. daily mortality) is determined through time series studies where the associations between changes in health outcomes and changes in exposure indicators are evaluated. The outcome is a count (i.e. the Poisson distribution) and the model form is usually log-linear. The Harvard Six Cities time-series analysis is an example of such a study. In the second method, the health effects of chronic, long-term exposure to (annual average) ambient concentrations are determined by cross-sectional 'ecologic' studies which compare exposure and responses at the community level and, more usefully, by prospective cohort studies which use data from a sample of individuals observed over time (for example the Harvard Six Cities study (Dockery et al. 1993 ) and the American Cancer Society (ACS) study (Pope et al. 1995) ). The outcome of these studies is continuous (persontime per exposure) and the relationship is (somewhat) linear (USEPA 2004) . The types of exposure-response functions used in the five studies reviewed in this paper are listed in Table 2 . Künzli et al. (2001) (and the USEPA (2004)) conclude that "timeseries analyses underestimate causes of death attributable to air pollution and that assessment of the impact of air pollution on mortality should be based on cohort studies." Time series approaches only capture the deaths of already frail persons, induced by exposure to air pollution shortly before death. Cohort studies capture all cases of deaths related to pollution exposure, including the risk of underlying diseases leading to frailty.
Considering the example of PM 10 concentrations, an exposureresponse relationship is multiplied by the increase in PM 10 concentrations and the number of exposed people to calculate the health impact I:
where ERF is the exposure-response function; pop size is the size of the exposed population; and ∆X is the change in PM 10 concentration (µg/m 3 ) due to the source of concern
As an illustration, considering the central estimate for PM 10 mortality for people <65 years old of 0.23*10 -8 in the van Horen (1996) study (Table 2) , one person in 0.23*10 8 (23 million) will die for each 1 µg/m 3 increase in PM 10 concentration.
Health impact I, expressed as the number of cases that can be attributed to the exposure, can also be calculated from the relative risk as:
where AF is the attributable fraction of deaths due to exposure to PM 10 ; and incid is the incidence of death in the population (non-accidental mortality).
The attributable fraction AF is given by:
where RR is the relative risk of death due to exposure to PM 10 and is given by:
where β is the fractional increase in mortality/morbidity incidence per 1 µg/m 3 increase in pollution concentration; X is the current annual mean concentration of the pollutant of concern; and X 0 is the threshold/baseline concentration of the pollutant.
(X-X 0 corresponds to ∆X in equation 1.)
For example, if there is an increase of 0.8% in the mortality rate due to a 10 µg/m 3 increase in PM 10 concentration, the value of β would be 0.0008.
The exposure-response function and the relative risk function calculated for an incremental increase in pollution of X-X_0 are related as follows:
In many studies, a linear relationship is assumed between amount of pollution inhaled and severity of the health response (e.g. van Horen 1996). However, the development of integrated exposure-response functions which combine exposure-health relationships for ambient air pollution, household air pollution, second-hand tobacco smoke and active smoking has shown that there is a levelling-off of the health impact at higher exposure levels Pope et al. 2011; Smith et al. 2014; Burnett et al. 2016 ).
Counterfactual exposure
The counterfactual exposure, also called the background or threshold concentration, is the baseline concentration for comparison of the health risks. The World Health Organisation (2013) argues that there is no safe level of exposure to particulate matter below which there are no negative health effects. Several studies select zero µg/m 3 as the counterfactual concentration (for example, van Horen (1996) and in all likelihood, Myllyvirta (2014) ). However, others argue that zero exposure is not a practical counterfactual level because this is impossible to achieve, even in pristine environments (Brauer et al. 2012 ).
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Studies on health impacts of South African coal-fired power stations
To date, five comprehensive assessments have been performed on the impact of South African coal-fired power station emissions on human health. Van Horen's (1996) PhD thesis is a comprehensive assessment of the environmental externalities in South Africa's energy sector. He considers the health effects of particulate matter and ozone that form as a result of power station emissions. The FRIDGE study by Scorgie et al. (2004) was sponsored by the National Economic, Development and Labour Council (NEDLAC), and considers the health costs of air pollution from a comprehensive range of sources. It also considers the cost-benefit ratio of interventions to improve air quality. The Airshed and Infotox study (Scorgie and Thomas 2006) was commissioned by Eskom and also considers most major sources of air pollution. The Myllyvirta (2014) to PM 2.5 , which is consistent since sulphates are just one of many components of PM 2.5 . The exposure-response factor used by van Horen (1996) for PM 10 respiratory hospital admissions is three orders of magnitude lower than that used by FRIDGE (2004) and Airshed/Infotox (2006) , while the factor used by Steyn and Kornelius (2018) is one order of magnitude lower.
There are also significant differences in the incidence of death or disease in the general population, as used in the health risk studies (Table 4 ). The rates of respiratory hospital admissions used in FRIDGE (2004) and by Steyn and Kornelius (2018) are much higher than those used in Airshed and Infotox (2006) . The total mortality rates used in FRIDGE (2004), Airshed and Infotox (2006) and Steyn and Kornelius (2018) are similar, while the cardiovascular mortality rate used in Airshed and Infotox (2006) is higher than that used in the FRIDGE (2004) and Myllyvirta (2014) studies.
The FRIDGE study predicts by far the highest number of hospital admissions due to exposure to air pollution -5 456 per year. Steyn and Kornelius (2018) calculate the lowest number of hospital admissions (98 in total), since they are only considering the impact of SO 2 emissions in excess of the Minimum Emission Standards in the Highveld Priority Area. 
Relevance of exposure-response functions
It is worth reflecting on the shape of the exposure-response functions used in the different studies, and the exposure levels over which they are applied. The exposure-response functions by van Horen (1996) and FRIDGE (2004) are linear, while those used by Airshed and Infotox (2006) , Myllyvirta (2014) and Steyn and Kornelius (2018) are exponential (as per Ostro 2004) . The exposure-response relationships given by these two types of functions are similar at low concentrations, but differ significantly at higher concentrations. of less than 3.4 µg/m 3 , so it is assumed that a counterfactual concentration of zero was in fact used.
The scope of the studies also differs. Van Horen (1996) and Myllyvirta (2014) consider the impact over the whole of South Africa, while the FRIDGE (2004) and Airshed and Infotox (2006) studies only consider the industrialised Highveld. Steyn and Kornelius (2018) consider the Highveld Priority Area (the industrialised Mpumalanga Highveld and eastern Gauteng), and include emissions from the Sasol Synfuels Steam Stations. Myllyvirta (2014) also considers the three return-to-service power stations (Camden, Grootvlei and Komati) and is the only study to consider Medupi Power Station.
The exposure-response functions used to relate exposure to the pollutant and health outcome are given in Table 2 . The van Horen (1996) and FRIDGE (2004) studies use functions for acute (daily) exposures derived from time series studies for mortality estimates, while the Airshed and Infotox (2006), Myllyvirta (2014) , and Steyn and Kornelius (2018) studies use functions for chronic (annual average) exposure derived from cohort studies for the mortality estimates. The van Horen (1996) and FRIDGE (2004) calculations of premature mortality are probably an underestimate of the actual impact (Künzli et al. 2001; USEPA 2004) . All hospital admissions are calculated from acute (daily) exposure functions. Myllyvirta's (2014) relative risk functions are sourced from the American Cancer Society study, with the reference given as Krewski et al. (2009) . However, the relative risks appear rather to come from an original analysis of the American Cancer Society Study by Burnett et al. (2012supplemental material) .
It is difficult to compare the dose-response functions with the relative risk functions as they are presented in Table 2 , so a few of the relative risk functions used by Myllyvirta (2014) , Airshed and Infotox (2006) and Steyn and Kornelius (2018) have been converted to dose-response functions using Equation 5 (Table  3 ). The PM 10 daily mortality exposure-response functions used by van Horen (1996) and FRIDGE (2004) differ by an order of magnitude, which is surprising since they are both apparently the factor used in the EXMOD model used by van Horen (1996) .
There may be an error in van Horen's table. The dose-response function used by Steyn and Kornelius (2018) for mortality due to chronic exposure to sulphates is slightly lower than the function used by Myllyvirta (2014) PM 10 / PM 2.5 mortality -annual exposures 2.60*10 -5 for PM 10 3.35*10 -5 for PM 2.5 8.52*10 -6 for sulphates PM 10 respiratory hospital admissions 3.30*10 -8 1.20*10 -5 1.39*10 -5 1.28*10 -6 for sulphates American or European studies from which the exposureresponse functions used in the health risk assessments reviewed here were derived.
The relative risk factors derived from the American Cancer Society study used by Myllyvirta (2014) were derived at an annual average PM 2.5 concentration of 14.2 µg/m 3 , with PM 2.5 concentrations ranging between 5.8 and 22.2 µg/m 3 . Measured annual average PM 10 concentrations in South Africa ranged between 10 µg/m 3 in Brackenham, Umhlathuze and 98 µg/ m 3 in Sharpville, Gauteng, in 2016. PM 2.5 concentrations are not measured as widely, but in the Highveld Priority Area the annual average PM 2.5 concentrations ranged between 11 µg/ m 3 in Middelburg and 43 µg/m 3 in Secunda in 2016. In the Vaal Triangle Priority Area, annual average PM 2.5 concentrations in 2016 ranged between 24 µg/m 3 in Diepkloof and 42 µg/m 3 in Kliprivier (Khumalo, 2017) .
Several recent studies have developed integrated exposureresponse (IER) functions that model disease risks across three orders of magnitude in the range of PM 2.5 exposure associated with three main sources of combustion pollution: ambient air pollution, second-hand tobacco smoke and active tobacco smoking Pope et al. 2011; Smith et al. 2014 ). Burnett et al. (2016) also included household air pollution due to domestic solid fuel burning. The WHO's Ambient air pollution: Global assessment of exposure and burden of disease (2016) uses IER functions developed by Burnett et al. (2016) for the Global Burden of Disease (GBD) 2010 study, and updated by the GBD 2013 study. The IER functions show a greater increase in relative risk of mortality for an incremental increase in PM 2.5 concentration at lower concentrations, but a much smaller increase in relative risk at higher concentrations. It is preferable to use the IER functions when exposure levels of the population in question exceed the ambient concentrations in the North Table 7 , if the Myllyvirta relative risk factors were to be used to account for the health impacts of all sources contributing to PM 2.5 exposure levels, the health risks would be significantly over-estimated. A much more accurate estimate of health effects would be obtained by applying an IER function to quantify health risks at actual exposure levels, and then apportioning the health effects relative to the contribution that each source makes to total exposure levels.
Health benefits of coal-fired power stations: electrification
A discussion of the negative health effects of coal-fired power stations is not complete without a consideration of the health benefits brought about by electrification, mainly through decreasing the inhalation of smoke from indoor fires. Spalding-Fecher and Matibe (2003) compare the costs of the impact of air pollution on health with the health costs avoided through electrification, based on van Horen's (1996) analysis. They consider total avoided health costs for low income households electrified by 1999 (relative to power stations operating in 1999), based on reduced mortality and morbidity from air pollution from indoor coal and wood fires; reduced mortality and morbidity from accidental paraffin poisoning; reduced mortality and morbidity from fires and burns caused by paraffin and candles; and the reduced social costs of fuel wood scarcity. They calculate that the health costs avoided by electrification were R958 million in 1999 (range: R173 million -R2 324 million), while the health costs arising from air pollution from power stations was only slightly higher at R1 177 million (range: R852 million -R1 450 million).
The FRIDGE (2004) study estimates that electrification would reduce annual respiratory hospital admissions (due to exposure to PM 10 , SO 2 and NO 2 exposure) by 7 946, and reduce mortality by 22. These benefits outweigh the health costs of coal-fired power stations calculated by this study (5 439 respiratory hospital admissions and 10 deaths a year). While the costs and health impact figures calculated in these studies are highly uncertain and likely to be underestimated, the comparison in each study is valuable because similar assumptions were used to calculate the impact of both electrification and exposure to coal-fired power station emissions. In each of the health risk assessments, the predicted ambient air pollutant concentration was taken to be the exposure; i.e. it was assumed that the pollutant concentrations predicted for a certain location were inhaled by the people living in that location. This is not the case in areas where people burn solid and liquid fuels in their homes for cooking or space heating, as shown by measurements collected by Wernecke (2018) in the low-income areas of Kwadela and KwaZamokuhle on the Mpumalanga Highveld (Table 6 ). Coal is burnt for heating in around 70% of households in Kwadela, and 60% of households in KwaZamokuhle. Personal exposure to PM 4 ranges between an average of 38 µg/m 3 in summer and 161 µg/m 3 in winter. A rough calculation, assuming that summer conditions prevail for nine months of the year and winter conditions for three months, suggests that annual average personal exposure to PM 4 in communities where domestic burning is prevalent ranges between 46 µg/m 3 and 80 µg/m 3 . (While the proportion of PM 4 which is PM 2.5 is not known, measurements by Nimra et al. (2015) show that the PM 2.5 :PM 4 ratio is at least 0.95).
Conclusions
The Myllyvirta relative risk factor for IHD of 1.26 for an increase of 10 µg/m 3 in annual average PM 2.5 concentrations is similar to the IER function at lower concentrations, but they diverge sharply for a PM 2.5 concentration increment of 25 µg/m 3 or Burnett et al.'s (2016) integrated-exposure response function and the relative risk factors used by Myllyvirta (2014) from the American Cancer Society study Grobler M., 2016, Evaluating the costs and benefits associated with the reduction in SO 2 emissions from industrial activities on the Highveld of South Africa, MEng dissertation, University of Pretoria.
Airshed and Infotox (2006) study, modelled PM 10 annual average concentrations are below the counterfactual concentrations everywhere in the modelling domain, so no health effects from PM exposures are considered at all. Steyn and Kornelius (2018) restrict themselves to an assessment of SO 2 emissions and impacts in the Highveld Priority Area. The FRIDGE (2004) and Airshed and Infotox (2006) studies also only cover a limited geographical area, while the van Horen (1996) and Myllyvirta (2014) studies consider exposure throughout South Africa.
It is difficult to comment on the van Horen (1996) results, because it seems that there was an error in the transcription of the exposure-response functions.
The Myllyvitra (2014) health risk assessment of exposure to power station emissions appears to be a reasonable quantification of the health risk in remote areas, but is probably a large over-estimation of the health risk in more polluted areas, and especially in communities where personal exposure is elevated due to people inhaling smoke from domestic burning.
A fair health risk assessment of coal-fired power station emissions should offset the health costs of emissions from power stations with the health benefits from converting low-income households from solid/liquid fuels to electricity. This requires a quantification of the relationship between the electricity price and the rate of domestic solid/liquid fuel use. At a minimum, the increase in domestic electricity use, relative to domestic fuel use, achieved by keeping the electricity price low by continuing to use old coal-fired power stations (rather than replacing them with cleaner generation options) should be weighed against the health costs of coal-fired power stations.
